Aims/hypothesis To study the heritability and familiality of type 2 diabetes and related quantitative traits in families from the Botnia Study in Finland. Methods Heritability estimates for type 2 diabetes adjusted for sex, age and BMI are provided for different age groups of type 2 diabetes and for 34 clinical and metabolic traits in 5,810 individuals from 942 families using a variance component model (SOLAR). In addition, family means of these traits and their distribution across families are calculated. Results The strongest heritability for type 2 diabetes was seen in patients with age at onset 35-60 years (h 2 =0.69). However, In contrast, physical activity showed rather low heritability (0.16-0.18), whereas smoking showed strong heritability (0.57-0.59). Family means of these traits differed two-to fivefold between families belonging to the lowest and highest quartile of the trait (p<0.00001). Conclusions/interpretation To detect stronger genetic effects in type 2 diabetes, it seems reasonable to restrict inclusion of patients to those with age at onset 35-60 years. Sequencing of families with extreme quantitative traits could be an important next step in the dissection of the genetics of type 2 diabetes.
Introduction
Type 2 diabetes is a multifactorial polygenic disease, which most likely results from the interaction between several genetic and environmental factors. The genetic nature of the disease is supported by stronger heritability in monozygotic than in dizygotic twins [1] [2] [3] , a sibling relative risk (λ S ) of about 3 [4] and high prevalence in certain ethnic groups [5] . A family history of diabetes together with a BMI ≥ 30 kg/m 2 and fasting plasma glucose ≥5.5 mmol/l is associated with a 16-fold increased risk of future type 2 diabetes [4] . In support of this, non-diabetic first-degree relatives of patients with type 2 diabetes show early defects in insulin secretion and action [6] . On the other hand, family members also share an environment, and environmental factors such as excess food intake and poor physical activity are important risk factors for type 2 diabetes. Notably, family members of patients with type 2 diabetes are also characterised by poor physical fitness [6] . However, little, if any, information exists on heritability of type 2 diabetes in non-twin families. As environmental factors might contribute more to phenocopies, i.e. non-genetically determined phenotype, of the disease in older age groups, it would be important to define the age group with the highest heritability of the disease.
Recent genome-wide association studies (GWAS) have identified approximately 50 loci associated with type 2 diabetes and glucose and/or insulin levels [7] [8] [9] , but these variants can explain <15% of the λ S value. It has been proposed that intermediate and rare variants with stronger effects might explain the missing heritability of type 2 diabetes [10] but their identification in classical casecontrol studies of outbred populations might be difficult. One appealing alternative is to apply new generation sequencing to families showing high heritability of an intermediate quantitative trait.
To provide this information we estimated the heritability and familiality of type 2 diabetes and 34 quantitative traits in 5,810 individuals from 942 families participating in the Botnia Study in Finland. The data demonstrate the importance of restricting the search for genetic variants contributing to type 2 diabetes to middle-aged people between 35 and 60 years.
Methods
Subjects The Botnia Study was initiated in 1990 on the west coast of Finland with the aim of identifying early metabolic defects characteristic of, and genetic factors contributing to, type 2 diabetes [11] . All patients with type 2 diabetes and their family members from five healthcare centres (Närpes, Malax-Korsnäs, Korsholm, Jakobstad and Vasa) were invited to participate in the study.
Family information was obtained on 25,962 individuals from 1,131 families. For the heritability estimates of quantitative traits and type 2 diabetes, we restricted the analysis to families with phenotype information from at least two members, which resulted in 5,810 individuals from 942 families with an average family size of 6.16. Of these, 1,707 had type 2 diabetes. Diabetes was diagnosed using WHO 1998 criteria. Patients with GAD antibodies or known MODY mutations were excluded.
Clinical and metabolic characteristics are presented for all individuals and non-diabetic individuals 16 years or older, as well as all individuals and non-diabetic individuals between 16 and 65 years of age (Table 1) .
Written informed consent was obtained from all study participants. The study protocols were approved by local ethics committees, as well as by the ethics committees of Helsinki University Central Hospital and Lund University.
Measurements After an overnight fast, a polyethylene catheter was placed in an antecubital vein and blood samples were drawn for the analysis of fasting plasma glucose, serum insulin, cholesterol, triacylglycerol, HDL-cholesterol, apolipoproteins A1, A2 and B and NEFA concentrations. Height (to the nearest cm without shoes) and weight (to the nearest kg in light indoor clothing) were recorded. BMI was calculated as weight/height 2 (kilograms per square metre). Waist circumference (to the nearest cm without clothes) was measured with a non-elastic soft tape on standing participants midway between the lowest rib and the iliac crest. Hip circumference (to the nearest cm without clothes) was measured over the widest part of the gluteal region. As a measure of abdominal obesity, WHR was calculated. Lean body mass was estimated by a device (Futrex, Gaithersburg, MD, USA) measuring absorption of infrared light in subcutaneous tissue. Blood pressure was measured as the mean of two recordings with the patient in the supine position [11] .
For the OGTT, participants ingested 75 g dextrose and blood samples for the measurements of plasma glucose and serum insulin concentrations were drawn at −5, 0, 30, 60 and 120 min.
Plasma glucose was measured with a glucose oxidase method (Beckman Glucose Analyzer, Beckman Instruments, Fullerton, CA, USA) and serum insulin by an enzyme immunoassay (DAKO, Cambridgeshire, UK) with an interassay CV of 7.5. Serum total cholesterol, HDL-cholesterol and triacylglycerol concentrations were measured on a Cobas Mira analyser (Hoffman-LaRoche, Basel, Switzerland) and LDL-cholesterol concentration was calculated using the Friedewald formula. The serum concentrations of apolipoproteins A1, A2 and B were measured by immunochemical assays (Orion Diagnostica, Espoo, Finland), and that of NEFA by an enzymatic colorimetric method (Wako Chemicals, Neuss, Germany).
Insulin resistance was estimated as the HOMA of insulin resistance (HOMA-IR) [12] , and insulin sensitivity from the OGTT was calculated as the Matsuda insulin sensitivity index (ISI) [13] . Beta cell function was assessed as the ratio of incremental insulin (ΔI 30 30 ), or as the HOMA beta cell index [12] . The disposition index (DI) was used to adjust insulin secretion for the degree of insulin resistance (IG 30 × HOMA-IR). Urinary albumin concentration was measured by radioimmunoassay (PharmaciaUpjohn, Uppsala, Sweden). Urine for the measurement of AER was collected either during the OGTT or overnight. Microalbuminuria was defined as AER >20 μg/min. At the baseline examination, a structured questionnaire was used to collect the data on smoking habits and selfreports of physical activity during work and on the way to work [14] . The physical activity data were converted into metabolic units (MET), which estimate the relative intensity of the activity as the energy needed during exercise compared with the resting energy expenditure (1 MET approximately equals the energy expenditure of 4.18 kJ [1 kcal]/kg of body weight per h or oxygen uptake of 3.5 ml kg −1 min −1 ). Physical activity at work was estimated with a seven point scale ranging from no activity and no work (1.5 MET) to very heavy manual work (10.0 MET). Exercise activity on the way to work was graded into three levels: travel by motor vehicle (1.5 MET), on foot (3.5 MET) and by bicycle (5 MET). The sum of the different MET values was used to grade the total physical activity of the participants [4] .
Statistics Unless otherwise stated, values are presented as mean±SD. Non-symmetrically distributed variables were log-transformed before analysis. Heritability (h 2 ) estimates the extent to which genetic factors contribute to the quantitative traits. The SOLAR software package provides a maximum likelihood estimate of heritability taking into account additive genetic effects and residual errors [15] . All quantitative trait analyses were adjusted for age, sex, the interaction between age and sex, age 2 and affection status (type 2 diabetes). In addition, all traits except BMI were adjusted for BMI. The covariates not found to be significant after covariate screening were removed from the final models. Heritability thus represents the proportion of phenotypic variance due to additive genetic effects after adjustment for covariates.
Heritability of type 2 diabetes was estimated using a liability threshold model implemented in SOLAR [16] . In addition to the common covariates (age, sex, age × sex, age 2 and BMI), we added a SNP in TCF7L2, rs7903146, as a covariate for the analysis of type 2 diabetes.
Sibling relative risk (λ S ) was calculated as risk of diabetes in siblings of patients with type 2 diabetes compared with the background population following the method proposed by Olson and Cordell [17] .
Differences in Pearson correlation coefficients between parent-son and parent-daughter pairs were evaluated using the corcor function (Goldstein, Qualitas, Brighton, MA, USA) for testing dependent correlation coefficients in STATA (Stata, TX, USA). 
Results
The clinical and metabolic characteristics of the 5,810 individuals aged 16 years or older from 942 families are shown in Table 1 ; of these, 1,707 had type 2 diabetes. Sex distribution was similar among all and non-diabetic individuals (both 46% males). Data are separately shown for individuals below the age of 65 years. As expected, diabetes (present in about 30% of all individuals) had the strongest influence on glucose, HbA 1c and triacylglycerol concentrations as well as on AER.
Heritability of type 2 diabetes Heritability estimates were adjusted for age, sex, their interaction, age 2 and BMI ( Tables 2 and 3 . The sibling relative risk, i.e. the risk of diabetes in siblings of patients with type 2 diabetes compared with the risk in the background population (λ S ), was clearly higher than previously estimated from twin studies, i.e. 7.95 using all individuals 16 years or older. We also tested whether the SNP rs7903146 in the gene showing the strongest association with type 2 diabetes, TCF7L2, influenced the heritability estimates. Although h 2 dropped from 0.72 to 0.64 after adjustment for the TCF7L2 SNP in the age group 35-60 years, this difference did not reach statistical significance given the large variance in the estimates.
Heritability of anthropometric measurements, blood pressure and AER The highest heritability was seen for height (Table 3 ) (ranging from 0.81 to 0.88), followed by lean body mass (0.53-0.69), BMI (0.46-0.53), waist circumference (0.42-0.50) and waist/height 2 (0.47-0.49), whereas h 2 for WHR was rather low ranging from 0.27 to 0.32. As reported previously [18] , there was a modest heritability for AER in all as well as in non-diabetic individuals (0.35 and 0.30 respectively).
Heritability of glycaemia, insulin secretion and insulin sensitivity As predicted, heritability estimates for glycaemia performed poorly in all individuals due to inclusion of diabetic individuals (Table 3) . Fasting glucose concentrations showed higher heritability than 2 h glucose concentrations in the non-diabetic individuals (0.58 vs 0.32), whereas the opposite was seen for fasting and 2 h insulin concentrations (0.41 vs 0.34). Heritability estimates for beta cell function (IG 30 , HOMA beta cell index) and insulin sensitivity/resistance (ISI, HOMA-IR) were in the same range, suggesting that 40-50% of the variance in these measurements can be explained by genetic factors in non-diabetic individuals.
Heritability of lipids and lipoproteins The diabetic state had little influence on heritability of cholesterol concentrations but somewhat more on HDL-cholesterol, triacylglycerol and apolipoprotein concentrations (Table 3) . Of all lipids, Heritability of physical activity and smoking We also estimated heritability for two traits considered as environmental, physical activity and smoking. The heritability estimates for physical activity were low (0.16-0.21), supporting the view that physical activity is mostly influenced by environmental factors. In contrast, heritability estimates for smoking were very high (0.57-0.63) emphasising a large contribution of genetic factors to smoking habits (Table 3) .
Parent-offspring correlations in quantitative traits
To investigate differences in transmission between sexes, we calculated correlations between parents and offspring for 31 different traits. For five traits we observed a difference in parent-offspring correlation between fathers and sons and The natural logarithm transformation was applied to all quantitative variables before analysis mothers and sons, and for nine between father-daughter and mother-daughter pairs (ESM Table 4 ). Cholesterol differed in all sex-specific parent-of-origin correlations.
Distribution of quantitative traits across families Distribution of family means for height, BMI, IG 30 , ISI, HDLcholesterol and NEFA concentrations at 2 h of the OGTT are shown as histograms in ESM Fig. 1 . The corresponding family means and ranges for 20 families from the lower (5%) and 20 families from the upper tails of the trait distribution are shown in Fig. 1 and for all families in ESM Fig. 2 . The family means for other traits from the families from the lower and upper tails of distribution are shown in ESM Fig. 3 . Although most traits followed a symmetrical distribution with an equal proportion of extremes at both ends of distribution (ESM Fig. 1) , suppression of NEFA during OGTT showed a skewed distribution with a large number of families with very low NEFA values, suggesting high sensitivity to suppression of NEFA during OGTT.
Although there was a large intra-familial variance in height, BMI, IG 30 , ISI, HDL-cholesterol and NEFA 2 h, the interfamily differences were larger. For HDL-cholesterol the difference between the families with lowest and highest mean HDL-cholesterol was twofold. This is also illustrated by segregation of HDL-cholesterol in two families from each extreme of the distribution (ESM Fig. 4 ).
Discussion
To our knowledge, this is the first time heritability estimates for type 2 diabetes as a dichotomous trait have been presented in addition to estimates of heritability for anthropometric, metabolic and environmental traits in families rather than in twins. The large family-based Botnia Study is well suited for this purpose. The heritability estimates for 34 clinical, metabolic and environmental traits in 5,810 individuals from 942 families showed that (a) the highest heritability for type 2 diabetes is restricted to middle-aged people aged 35-60 years and decreases markedly if the upper age limit is increased to 75 years, (b) the sibling risk for type 2 diabetes (λ S ) was much higher than estimated from twin studies (8 vs 3), (c) the strongest heritabilities for quantitative traits were seen for height, lean body mass, fasting HDL-cholesterol concentrations and NEFA concentrations at 2 h of an OGTT and (d) distribution of these traits across families should allow selection of families with extreme trait values for nextgeneration sequencing studies.
The observed large differences in heritability estimates of type 2 diabetes between different age groups send a clear message that genetic studies on type 2 diabetes might benefit from restricting inclusion of individuals to the age group 35-60 years, with the upper age limit possibly being extended to 65. Unfortunately, this has not been the case in most GWAS studies on type 2 diabetes [7, 19, 20] . The proportion of the trait variance not attributed to genetic factors increased when including individuals with late onset diabetes. Although a recent meta-analysis by Voight et al. [9] did not demonstrate any heterogeneity based on age at onset, it might be difficult to identify such an effect in cohorts ascertained using different criteria. Also, the age window may differ between different ethnic groups as onset of diabetes seems to be earlier in patients from the Middle East than in patients from Scandinavia [21] . Inclusion of the strongest type 2 diabetes-associated SNP, rs7903146 in the TCF7L2 gene, in the analysis did not result in a significant decrease in the heritability estimates in the age group 35-60 years. Whether this reflects insufficient power due to large variance in the estimates or a true negative finding remains to be shown. Another intriguing finding was that the sibling risk of diabetes (λ S ) was much higher than obtained in twin studies (8 vs 3) . This may not be that surprising as the current data were obtained from families with an average family size of 6.16 and most twin studies did not take into account family history of diabetes. The high λ S in families is in keeping with data from a Swedish study using the multigeneration registry [22] . In this study the sibling-relative risk of developing diabetes was as high as 39 if the person had two siblings with diabetes. These findings can be interpreted in two ways. One would be that if we have underestimated heritability estimates of type 2 diabetes, current GWAS studies have been able to identify even less of the heritability than the present view of 10-15% assumes. The other would be that we have been searching for genes in the wrong place, i.e. in outbred populations with little evidence for heritability of type 2 diabetes.
The current heritability estimate for type 2 diabetes obtained in a large number of families using a variance component analysis model SOLAR provides an alternative to the traditional λ S estimate of heritability, and may be better suited to testing the proportion of heritability accounted for by known type 2 diabetes-associated genetic variants as it is obtained in the same families where the variants are genotyped.
The heritabilities of anthropometric traits such as height and BMI were in the same range as reported in other studies [23] [24] [25] [26] [27] [28] . However, the observation that lean body mass is strongly heritable is new and supports previous findings that bone mass is genetically determined in twin studies [29, 30] . It further suggests that lean body mass (muscle and bone) may be under stronger genetic control than fat mass.
In contrast to findings from twin studies [28, 31] and one family study [24] the OGTT-based measures of insulin secretion (IG 30 ) and insulin sensitivity (ISI) showed a similar degree of heritability (40-50%), which was higher than seen for the corresponding HOMA measurements. Family means of these traits indicated clear clustering of insulin secretion and action in families with greater intrafamily variability for measures of insulin sensitivity than for measures of insulin secretion (Fig. 1) . The families at both ends of the distribution should be attractive targets for next-generation sequencing efforts. We could confirm previous studies showing high heritability for HDLcholesterol concentrations in families [23, 26, 27] and add new information on heritability of apolipoproteins in families. In line with a previous study in twins [32] , both the HDL-associated apolipoproteins A1 and A2 showed a high degree of heritability in these families. Most interestingly, the highest heritability of any metabolic trait was seen for NEFA during the OGTT. Postprandial NEFA concentrations most likely reflect turnover, lipolysis and fractional esterification of the NEFA pool (NEFA turnover adjusted for the fat mass). This finding also goes along with a report showing impaired suppression of postprandial triacylglycerol concentrations in first-degree relatives of patients with type 2 diabetes [33] . Notably, although most family means showed a typical symmetrical distribution, suppression of NEFA during the OGTT was skewed with a number of families being very sensitive to suppression of NEFA during OGTT (ESM Fig. 1) .
Finally, heritability of the two apparently behavioural traits of physical activity and smoking provided some intriguing results. Although physical activity showed low heritability (20%), supporting the notion that it mostly represents an environmental trait that can be modified by other environmental factors [34] , smoking was a strongly heritable habit (50-60%) in line with some previous studies [35] . An obvious interpretation of this would be that it should be easier to influence physical activity than smoking by behavioural modifications.
The low heritability for physical activity would at first glance seem at variance with a recent paper from our group showing that physical fitness is lower in firstdegree relatives of patients with type 2 diabetes than in individuals without a family history of type 2 diabetes [6] . However, the reduction in physical fitness was seen despite similar amounts of reported physical activity as estimated in the current paper, suggesting that physical fitness is a consequence of a number of factors, physical activity being only one.
We also examined whether heritability estimates would be influenced by sex and transmission from mother or father. For most traits, the correlation was stronger when transmitted from mothers than from fathers. Interestingly, sex-specific parental effects were strongest for cholesterol concentrations. Thereby, these findings using an alternative way of analysing data support our previous findings of sexspecific parent-of-origin effects for many traits [11] and also justify similar analyses for genetic variants influencing these traits [36] .
Given that current GWAS have not been able to explain the heritability of type 2 diabetes, future approaches will include means to detect rare and intermediate frequency variants with hopefully stronger effects. As heritability is a measure of segregation of a trait in families it seems reasonable to turn back to families for these efforts rather than to study outbred case-control populations. Exome and whole-genome sequencing of families with extreme type 2 diabetes-related traits [37, 38] provide appealing approaches to find the missing heritability of type 2 diabetes. To provide some background information for such studies, we analysed the distribution of quantitative traits across families. As can be seen from Fig. 1 and ESM Fig. 1 , selection of families with extreme values for a trait might provide a fourfold difference in the trait. As many of these traits show 50-70% heritability, we would expect to find an OR of >2 in such sequencing efforts. Another advantage with family studies is that it will be much easier to exclude technical sequencing errors as identified variants can immediately be tested for Mendelian segregation.
In conclusion, to detect stronger genetic effects in type 2 diabetes, it seems reasonable to restrict inclusion of patients to those with age at onset 35-60 years. Sequencing of families with extreme quantitative traits could be an important next step in the dissection of the genetics of type 2 diabetes.
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